Marine diseases can have dramatic impacts on populations, with consequences for community 17 structure, ecosystem function, and, when commercial species are involved, economics (Burge et al. 18 2014; Lafferty et al. 2015) . Understanding the factors that influence the epidemiology of infectious 19 diseases is critical for predicting and managing these impacts. In coastal and oceanic systems, 20 environmental parameters such as salinity, temperature and hydrodynamic conditions have been found 21 to influence the population dynamics of many species, however their impacts on infectious disease 22 dynamics has only received limited consideration (e.g., Burge et al. 2014) . 23
One host-parasite relationship that could benefit from an increased understanding of the 24 influence environmental stressors is sea lice. Sea lice (e.g., Lepeophtheirus salmonis and Caligus sp.) are 25 ectoparasites of salmonids and infect both farmed and wild salmon (Boxaspen 2006) . Infections occur 26 when larval copepodids attach to a host and molt into a chalimus stage, followed by preadult and adult 27 stages. Preadults and adults are associated with damage to the skin and disruption of protective mucus 28 layers, which can lead to morbidity, secondary infection, and, in some cases, death (Boxaspen 2006 Identifying and quantifying factors that influence the population dynamics of sea lice is critical 33 D r a f t 4 site-specific trends. One factor that has been largely ignored in population models of sea lice is the 39 influence of salinity (Bricknell et al. 2006; Stucchi et al. 2011 ). In coastal areas where wild salmon 40 migrate and salmon are farmed, salinity can fluctuate on hourly levels due to precipitation and daily and 41 seasonal levels due to run-off from snowpacks in the spring and summer. Salinity also fluctuates on local 42 spatial scales, and is expected to be lower closer to freshwater riverine inputs, and along the water 43 surface where fresher water forms a lens. Sea lice are unable to tolerate low salinity environments and, 44 while it has not been well quantified, spatio-temporal variation in salinity likely impacts sea louse 45 population dynamics. Numerous laboratory studies and analyses of infestations on salmon show that 46 salinity can influence development, behaviour, infestation success, and survival of sea lice (Tucker et al. . It is not clear whether this is due to a true 51 lack of effect or an inability to detect an effect with the available data. These results suggests that 52 incorporating these impacts into population simulation models will vastly improve our understanding of 53 sea lice population dynamics and the accuracy of our predictions. 54
The goal of this study is to encourage the incorporation of salinity data into simulations of sea 55 louse infections. Towards this end we: 1) review and parameterize the effects of salinity on different life 56 stages of L. salmonis so that they will be accessible for population modelers; 2) use a population 57 projection matrix model to quantify the roles of salinity and temperature on population vital rates; and 58
3) explore the effects of salinity and temperature on sea louse populations using environmental data 59 from a range of habitats where farmed and wild salmon are commonly found. We focus this paper on L. 60 salmonis, which occurs in the north Pacific and Atlantic oceans, has the greatest economic impact onD r a f t
63

Model 64
Parameterization of effects of salinity on sea lice 65
We were able to find sufficient data to parameterize the effects of salinity on the survival of eggs, 66 copepodids, preadult, and adult sea lice. In all cases, we iteratively fit these data to a four parameter 67 logistic curve in which the parameter for the maximum asymptote was 1 (for 100% survival) and the 68 parameter for the minimum asymptote was 0 (for complete mortality). Iterations were performed to 69 minimize the sum of squared differences between the actual data and the modelled curve. Logistic 70 curves are commonly used to fit population growth and mortality data (Kingsland 1982) and reflect 71 patterns seen in salinity tolerances of marine copepods (Lance 1963) . 72
73
Eggs 74 A single study, by Johnson and Albright (1991), quantified the effects of salinity on egg hatching 75 at 10 °C . They exposed sea louse eggs to four salinity levels (10, 20, 25, and 30 psu), and monitored 76 hatching success. We calculated the proportion of death that was due to salinity (as oppose to other 77 'background' causes) by dividing the survival at 10, 20, and 25 psu salinity, by the survival at the highest 78 salinity (i.e. 30 psu), which does not affect survival (Johnson and Albright 1991, Figure 1A ). These data 79
were then fit to a logistic curve. The resulting equation was: 80 survival after exposure to salinities of 5, 9, 12, 16, 19, 23, 26, 29, 33, and 36 psu (temperature = 12 ± 1.5° 86 C). In these experiments the exposure lasted for 6 hours and mortality was assessed hourly. Most of the 87 mortality due to low salinity occurred rapidly after the initial exposure, therefore these data are best 88 expressed in terms of instantaneous mortality after exposure, as opposed to a constant mortality rate. 89
We calculated this value by dividing the mortality after six hours by the mortality in the top three salinity 90 treatments (where little to no mortality occurred), so that we could estimate the mortality due to 91 salinity. We then fit a separate logistic curve to data from each trial (adjusted R 2 > 0.95 for each trial) 92 and then took the means and standard errors of the resulting parameters to quantify copepodid 93 mortality ( Figure 1B) : 94
where M copepodid is the mortality of copepodids and S is salinity in psu. effect is due to mortality (described above), however, Dalesman (2003) and Bricknell et al. (2006) found 99 that additional behavioral effects contribute to this reduced attachment. To quantify this effect, we 100 used data from experiments by these authors, where copepodids were held at different salinities at a 101 concentration of 0.75 individuals/ ml in 1L. After three hours, Atlantic salmon hosts were dipped into 102 these suspensions for 30 seconds, and then placed in regular seawater for 30 min, after which all 103 attached individuals were counted (Sevatdal 2001). We quantified the effect of salinity on the 104 proportion of lice attaching by scaling the number of individuals attached by the median number of 105 attached individuals at 34 psu (i.e. standard seawater). We then fit these data to a logistic curve so thatD r a f t 7 the effect of salinity on attachment due to mortality and behavioural effects was: 107
As these equations are calculated based on only a 30 second exposure of the host to infective 109 larvae, we consider them to show a proportional change in attachment. 110
Attached sea lice 111
In contrast to larval sea lice, which experience relatively rapid mortality after exposure to lower 112 salinities, attached lice are more tolerant of reduced salinity. This is likely because sea lice are able to 113 osmoregulate using salts in the blood and mucus of their host (Hahnenkamp & Fyhn 1985) . We used 114 data from Connors et al. (2008) to calculate mortality rates of motile lice as a function of salinity, host 115 species, and the sex and life stage (pre-adult or adult) of the louse ( Figure 1C ). In this study, juvenile pink 116 and chum salmon infected with male and female pre-adult and adult sea lice were exposed to salinities 117 of 0, 7, 14, or 28 psu and mortality was measured. The temperature during these experiments was 118 between 10 and 15°C (Connors et al. 2008 ). We fit these data to a mixed effect Cox proportional 119 hazards model (using the 'coxme' function in the coxme package in R v. 3.1.0) with aquaria as a random 120 effect. We then used model selection (by minimizing negative log likelihoods and AIC values) to choose 121 the best fit. We found no violations of the assumption of proportional hazards. The best fit model for 122 the daily mortality rate of motiles due to salinity was: 123 L. salmonis transition through nine recognised life stages. After hatching from the egg, the sea 139 louse goes through three unattached stages during which it does not feed: nauplii (two stages) and 140 copepodid. Once the copepodid finds a host, it develops through two chalimus stages, two preadult and 141 one adult stage. In our model, we simplified the life cycle to contain seven stages that reflect biologically 142 important transitions: egg, larvae (consisting of nauplii I and II and copepodid), chalimus (stages I and II), 143 preadult (I and II) and three adult phases which will be referred to as gravid I, between-clutch and gravid 144 II (Figure 2 ). These three adult phases are separated here because they differ substantially in fecundity. chosen from these ranges (assuming a normal distribution of clutch sizes) and multiplied by two to 215 account for both egg strings. The number of eggs produced was then multiplied by the estimated 216 viability (Table 2) We analysed PPMs for a number of relevant temperature and salinity scenarios. To isolate the 247 effects of specific conditions, we first examined fixed temperatures and salinities values. For each of 248 these scenarios we calculated the following demographic parameters: population growth (λ), 249 reproductive rate (R 0 ), generation time, and the sensitivity and elasticity of population growth to 250 changes in matrix elements. To understand how salinity and temperature interact to alter sea louse 251 population dynamics in more realistic scenarios, we then used the PPM to simulate sea louse population 252 dynamics using temperature and salinity data collected daily on salmon farms from the top 5 m of the 253 water column. 254
In our equations, λ was equal to the rate of population change over a day (i.e. the dominant 255 eigenvalue of the matrix A). R 0 was equal to the average number of offspring by which an egg will be 256 replaced within its lifetime (i.e. the rate at which the population increases from one generation to the 257 next) and generation time was equal to the time necessary for the population to increase by R 0 (Caswell 258 2001). Population growth is stable when λ = 1, decreases for λ < 1 and increases for λ > 1. Sensitivity was 259 calculated as the effect of absolute changes to matrix elements on the population growth rate, 260 
Site specific simulations 274
We simulated sea louse populations for three different temperature and salinity profiles that 275 were based on data collected daily from the first 5m of the water column at three Atlantic salmon farm 276 sites in the Broughton Archipelago on the west coast of Canada. The sites were picked to represent 277 three different types of conditions: (a) near rivers, (b) primarily affected by oceanic conditions, or (c) 278 some transition between (a) and (b). There were occasional instances of missing data in these datasets; 279 however this was usually in the winter, when salinity and temperature did not fluctuate much. In these 280 instances, we interpolated the missing data by averaging temperature and salinity values for the days 281 immediately preceding and following the missing data. We chose these sites to simulate in particular, 282 because they exhibit substantial spatio-temporal variation in temperature and salinity and are within 283 D r a f t the range temperature values that that can be interpolated from our parameters (e.g., greater than 4 284 °C). 285
To simulate sea louse populations, we calculated the population matrix A 1 for the temperature 286
and salinity conditions at day one (defined as conditions on the 120th day of the year). We then seeded 287 the population with ten larvae, to mimic the initial infestation of a salmon population with a small 288 population of migrating sea lice. To simulate populations over time, we multiplied A 1 by a population 289 vector with ten larvae. We then multiplied the resulting population vector by a new population matrix 290 A 2 , which represented environmental conditions on day two, to get a population vector for day three. 291
We continued this process until the population was simulated for one year. While it may be more 292 realistic to include migration of sea lice after day 1, we were interested in quantifying the internal 293 population dynamics of these sites in order to identify them as sources or sinks. 294 295
Results
296
Effects of fixed salinity and temperature values on population vital rates 297
Analysis of population vital rates at fixed temperature and salinity values showed that both 298 abiotic factors influence the population demographics of sea lice (Figure 3 ). For each scenario in this 299 category, we examined the demographic parameters of population growth (λ), generation time, 300 reproductive rate (R 0 ), and the sensitivity and elasticity of population growth (Figure 4 ) to changes in 301 matrix elements. 302
Salinity had a positive impact on daily population growth when temperature was greater than 4° 303 C. At 4° C the sea louse population growth stayed between 0.92 and 0.99 for all salinities examined; 304 while for higher temperatures, population growth increased with increasing salinities up to 24 psu and 305 D r a f t plateaued at salinities above that. Population growth (λ) was greater than 1 and increased with 306 increasing temperature when salinity was greater than 22 psu and the temperature was above 4° C. 307
When salinity was less than 22 psu, populations were predicted to decrease (i.e., λ less than 1) for all 308 temperatures. 309
The generation time of sea lice decreased with increasing temperature. At 16° C it was as low as 310 15 days, and at 4° C it was as high as 100 days. Salinity had a limited impact on generation time. 311
The basic reproductive ratio of sea lice increased with temperature if salinity was greater than 312 20 psu and increased with salinity if the temperature was 8° C or higher. At 4° C, there was no impact of 313 salinity or temperature on the basic reproductive ratio. The highest basic reproduction ratio (37.8) 314
occurred at 16° C and 32 psu. 315
Sensitivity analysis showed that (Figure 4: A-D), in cold, hyposaline conditions, λ is most sensitive 316
to the survival and development of eggs. In cold conditions with oceanic salinity λ is most sensitive to 317 the survival and development of preadults. In warmer conditions, at any salinity, λ is most sensitive to 318 the survival and development of preadults and larvae. Salinity has a greater impact on the sensitivity of 319 λ to sea louse life history stages in colder water. 320 Elasticity analysis indicated that at low salinity and temperature λ was most influenced by the 321 proportional changes in survival and development of eggs (Figure 4 : E-H). At temperatures 12° C and 322 above, and salinities greater than 20 psu, the proportional changes survival and development of 323 preadults and adults had a greater impact on λ. 324
Site specific simulations 325
The three sites chosen for simulations -an estuarine site, an oceanic site, and a transitional site 326 -differed considerably from each other in temperature and salinity patterns ( Figure 5: A-C) . The mostD r a f t estuarine site had an average temperature of 9.3 ± 5.2° C (mean ± 95% confidence interval) and an 328 average salinity of 28.3 ± 13.0 psu (mean ± 95% confidence interval), the transitional site had an 329 average temperature of 9.0 ± 4.0° C and an average salinity of 28.3 ± 9.9 psu, and the oceanic site had 330 an average temperature of 8.2 ± 1.9° C and an average salinity of 30.3 ± 1.0. In the estuarine and 331 transitional sites, temperature was inversely correlated with salinity, with temperature highs and salinity 332 lows occurring in July and August, corresponding to periods of snowmelt in nearby mountain ranges. 333
Simulations of specific temperature and salinity scenarios show that changes in these conditions 334 across an estuarine to ocean gradient dramatically impacts the population dynamics of sea lice ( Figure 5 : 335 E-F). In the most estuarine scenario, the sea louse population went extinct within 100 days, while in the 336 transitional and oceanic scenarios, the sea louse population showed exponential growth. For the specific 337 temperature and salinity profiles assessed in these simulations, sea louse population growth was 338 greatest in the transitional scenario. 339
Discussion 340
Sea lice are a significant pest of wild and farmed salmon and understanding how external factors 341 alter their population dynamics is important for predicting and controlling infections. In this study we 342 explored the effects of temperature and salinity on sea louse population dynamics. We found that sea 343 louse survival increases with salinity, while, as previously shown, sea louse development increases with opposed to the threshold of 20 psu in the models here, which were based on studies from Atlantic sea 392 lice, suggests that this may be the case. Low salinities and extreme temperatures place strong selective 393 pressure on sea lice and, if there is genetic variation in tolerance to these conditions, local, regional or 394 ocean-wide adaptation may occur. Our analysis of the sensitivity of population growth to different life 395 stages (Caswell et al. 2001 ) shows that at low temperature, there is strong selective pressure for eggs to 396 have increased tolerance to low salinity conditions; while at warmer temperature, the greatest selectiveD r a f t 20 pressure for increased tolerance to low saline conditions is in the larval and preadult stages. The strong 398 impact of salinity on sea louse population growth found here should justify and motivate further work 399 on these topics. 400
Understanding the interactions between host behaviour, salinity and sea louse population 401 dynamics will be important for site-specific estimations. above the halocline, salmonids may be able to cause osmotic stress in their sea louse parasites, resulting 407 in reduced fitness. Salinity has also been shown to alter behavioural patterns, attachment rates and 408 development of free-swimming copepodids. Larval sea lice can make slight adjustments to their position 409 in the water column in order to find more appropriate salinities by altering swimming behavior and 410 changing their orientation during passive sinking (Bricknell et al. 2006 ). This behaviour is especially 411 relevant in coastal areas where freshwater lenses from riverine inputs may cause abrupt haloclines. 412
Therefore it may be relevant to farmed salmon and wild salmonids when they are migrating near the 413 coasts. Understanding how these factors interact to alter exposure of sea lice to stressful conditions will 414 improve our estimates of the effects of environmental conditions on sea louse population dynamics. Because 3 trials were run for the copepodid survival data, we were able to calculate confidence intervals 614 on regression value. 615 
